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INTRODUCTION 
General Background 
Research relative to the structural properties of wood has been 
conducted extensively in the United States and throughout the world. 
Nevertheless, the design of wood frame buildings has not been standar­
dized as has the design of both steel and reinforced concrete buildings. 
This is particularly true of farm buildings, many of which are con­
structed without any design by a competent person. It is remarkable that 
so few of these buildings have failed structurally. Normally used design 
procedures indicate many of these buildings underdesigned to such an 
extent that the average factor of safety should not prevent failure. 
The performance of these "apparently underdesigned" buildings stimulated 
this investigation. 
Three major factors appear to contribute to the satisfactory 
performance of the "apparently underdesigned'1 buildings. They are: 
(1) The working stresses used for analysis are less than those that 
could be used safely. 
(2) The assumed loads used for analysis are not realized in the 
actual buildings. 
(3) Rigidity in the joints reduces the maximum stresses in the 
structural members. 
Other factors such as the composite action of floor, wall and roof 
systems also may contribute, but these are not as apparent as the above 
three. Considerable information is available relative to working 
stresses and design loads, although there is evidence that these lead to 
conservative design. However, the conservative design actually may 
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result from the lack of joint rigidity information. That which is avail­
able pertains only to specific joints and is not sufficiently general to 
be usable under conditions other than those of the experiments. Most of 
the available information relates to lateral resistance which considers 
only shear and no moment. 
Many of the practical applications involve loading conditions of both 
shear and moment. In fact, the greatest potential use of rigidity rela­
tionships in design is in the reduction of moment of such members as 
joists, purlins, girders and rafters. Not only is the rigidity of any 
particular joint important, but its evaluation will make possible the 
consideration of other components. Examples are the "knee" braces used 
in pole barn construction and the gusset plates used in fabricating 
gambrel roof rafters. 
Nails stand out among the many connectors used for timber joints. 
Availability and ease of use are the major reasons for their popularity. 
Metal connectors such as split rings, toothed rings, shear plates, spiked 
grids and others have received limited use. Glue is receiving increased 
attention because joints fabricated with it should approach complete 
fixation. In contrast, split rings would be expected to offer little 
resistance to rotation in the joint particularly when the bolt is not 
well tightened. The widespread usage of nails suggests that any investi­
gation of timber joint rigidity should include, if not begin with them. 
The definition of joint rigidity is complicated by the inherent 
variability of wood and the nonexistence of any really "standard" connec­
tions. Timber structures are meeting keen competition from those built 
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of steel, aluminum and masonry most of which are designed by rigid and/or 
semi-rigid methods. In spite of the lack of "standard" connections, 
rigidity relationships can be used readily by the rapidly expanding 
préfabrication industry where quality control will be adequate to insure 
some uniformity of the joints. More and more buildings will be con­
structed from plans drawn by architects and engineers who will be capable 
of utilizing rigidity design information. 
The absence of "standard" connections suggests the development of 
general equations relating the rigidity of the joint to the load, type 
and number of connectors, type of wood, size of the wood, duration of 
load, and many other factors. The necessary experimental work can be 
simplified through the use of dimensional analysis. Further simplifica­
tion can be effected through the use of models rather than full size 
test specimens. The use of models requires much less material, less 
storage space for test specimens, and lighter and frequently less exten­
sive test equipment. The use of models also brings forth several 
problems, particularly in the use of wood which is considered to have 
orthotropic properties. Data relative to the use of models of wood may 
be as important to future timber structures research as the rigidity data 
are expected to be to the timber structures industry. 
Objective 
The objective of these investigations is the development of relation­
ships describing the rotation of nailed timber joints as a function of: 
(1) the geometry of the joint; (2) the properties of the timber and of 
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the nails; and (3) the forces on the joint. 
Review of Literature 
Timber 
No comprehensive study of the rigidity of timber joints has been 
made. At least no report of such a study has been found. Considerable 
study has been made of the rigidity of steel frame connections, however. 
This will be reviewed later. Some of the reasons why rigid frame design 
procedures have not been used for wood are given by Polivka (23, p. 790) 
who states: 
Rigid frames have not been more generally adopted in timber 
construction for three reasons: (1) the design analysis is 
cumbersome; (2) the formulas made available in handbooks 
are complicated and some are actually erroneous; and (3) 
tables taking into account all of the factors of economical 
design are not generally accessible. 
Polivka proceeds to explain his method of design of column to rafter con­
nections made with split ring connectors for use in shipyard buildings. 
He considers three types of loading -- vertical, horizontal wind on the 
roof, and wind on the columns. The center of rotation of the joint is 
shown to be displaced from the center of gravity of the connector pattern 
because of the combined effects of direct shear and bending moment. 
Rosenstein (26, p. 413) comments on Polivka's method as follows: 
The use of wood in rigid frames leads to the question, how 
well is continuity preserved? In other words, do rigid 
frames of timber stay "rigid"? The writer [Rosenstein] 
knows of no experimental work on such frames that might 
substantiate the correctness of the conventional analysis 
on continuous wood structures. From observation of old 
buildings, where evidence of shrinkage and time yield is 
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so apparent and from examination of joints made with "timber 
connectors", which showed signs of slip, it would seem that 
some change in angle at the joints of "rigid" frames of 
timber might be expected. The importance of being able to 
evaluate this angular change, if any, should be realized by 
every structural designer. 
Rosenstein's opinions are substantiated by Johnston and Hechtman (16) 
who show that not even the riveted connections commonly used for steel 
frame structures are completely rigid. 
Jennings and Salgo (13) describe wood frame Navy shop buildings 
using rigid frame principles. In one building a bowstring truss was 
fastened rigidly to trussed columns. Another building consisted of two 
100 foot span Pratt trusses built integrally with the columns. No de­
tail is given on principles of design, possibly because of war time 
restriction. 
Mlynek (20), Meyer (19) and Moller (21) offer similar theories rela­
tive to the beam action of a nail in a laterally loaded timber joint. 
Nearly the same approach is used by Johansen (14) in his discussion of 
dowels. Both Meyer and Johansen consider the condition of a stiff 
dowel or nail in which case the maximum load is governed by the elastic 
limit of the wood. They also consider the more usual condition under 
which the nail or dowel bends in which case the maximum load is governed 
by the elastic limit of both the wood and the nail or dowel. They differ 
only in that Meyer considers plastic action to take place across the 
entire cross section of the nail, whereas Johansen considers plastic ac­
tion to be impending at the maximum allowable load on the dowel. 
Developments based on these theories are presented on page 16. 
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The applicability of the above theories to joints subjected to rota­
tion is questionable. Timber is considered to be orthotropic; therefore 
the resistance to rotation may be a function of two compressive proper­
ties that differ. In addition, the grain of the wood is seldom exactly 
parallel to the edge of the member or the direction of loading. Even 
though timber is considered to be orthotropic, the area of loading is 
known to affect the stress level at which failures are expected. Wood 
states in part: 
Unit strength values in compression perpendicular to grain 
are greatly affected by the size of the loaded area . . .. 
As loaded areas become smaller, the effects of fiber sup­
port from adjacent unloaded areas are proportionally larger. 
We have good evidence from test that the side resistance 
of wood to a small nail may be fully as much in the direc­
tion perpendicular as in the direction parallel to grain. 
Fronrobert et al. (10) and Stoy (29) indicate that the direction of the 
grain does not influence the load capacity of the nail which substan­
tiates the observations by Wood. 
Consideration of the nail as a beam supported on an elastic founda­
tion is presented by Kuenzi (18). This mathematical treatment of lateral 
loading assumes the deflection of the nail to be resisted by a pressure 
proportional to the deflection at any point and that the pressure can be 
exerted in both directions. The design value of load is considered as 
that at which the stresses in either the timber or nails reach propor­
tional limit or yield values. Examples are given with the calculations 
^Lyman W. Wood, U. S. Forest Products Laboratory, Madison, Wisconsin. 
Private communication. August, 1958. 
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being made with the aid of curves which have been prepared. Joint de­
flection, slip, has been calculated but Kuenzi states: "Experiments 
often give several times this slip, but much of the deformation of the 
members and apparatus is usually included in such test data". 
There appears to be a great deal of uncertainty relative to joint 
deformation or slip, although many agree that it is extremely important 
in the design of laterally loaded joints. Johansen (14) suggests an al­
lowable slip of 0.04d, where "d" is the diameter of the dowels with 
which he worked. Stoy (29, 30) recommends allowable loads based on 
either one third the maximum load or a slip of 1.5 mm. (0.059 inches). 
He also emphasizes the importance of the slenderness ratio, the ratio of 
nail diameter to the thickness of the timber in which it is being used. 
Stoy (29, 30) gives credit to Preuss as being the first [possibly 
1921 or 1922J to recognize the allowable load for nailed joints as a 
function of the square root of the product of the elastic strength of the 
nail and the bearing strength of the wood. He also indicates it as a 
function of the square of the nail diameter. He prefers to combine the 
nail and wood properties into a coefficient which decreases with increas­
ing nail diameter. This reduction in the coefficient is attributed to 
the greater stiffness of smaller nails because of additional cold working 
in their manufacture. The Wood Handbook (31) gives the allowable load 
as a function of the three halves (3/2) power of nail diameter instead 
of the square as indicated by S toy. Wood"*" explains as follows: 
^Wood, op. cit., p. 6. 
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. . . the exponent for diameter was adjusted to 3/2 to avoid 
the change of coefficient with diameter as in the Stoy 
formula. 
Jansson (12) gives rather thorough coverage of the effect of nail 
properties on the strength of the joint. Stoy (29, 30) states that 
dynamic loading is more demanding than static loading because the nail 
is cold worked during its forming and breaks easily under repeated load­
ing. Under such loading the nail may break without being noticeably 
deformed. The advantages and limitations of specially hardened nails 
can be visualized easily. 
Studies of nailed connections at the fabrication plant of E. and A. 
Meier in Zurich, Switzerland are reported by Schubiger (28). Tensile 
tests of double lapped joints similar to those used in the lower chord 
of a truss showed a nearly constant modulus of elasticity until the nails 
bent. After the nails bent there was an increase in frictional 
resistance. Tests with the load applied at right angles to the member to 
cause rotation indicated that the force per nail was not proportional 
to the distance from the center of gravity of the nail pattern. This 
would not be expected if the joint were subjected to shear as well as 
moment, which it apparently was, as rotation would not take place about 
the center of gravity. It is possible also that the elastic limit of the 
wood had been exceeded. One particular joint rotated through an angle of 
5 minutes (0.00145 radians) when subjected to a moment of 50 meter-
kilograms (350 ft.-lbs.) . 
The friction of wood on wood was measured by Johansen (14). He 
found the coefficient to vary between 0.4 and 1.4 with an average value 
of about 0.67. Campredon (7) found the coefficient of friction to vary 
with moisture content of the wood being about 0.70 when the wood was dry 
and about 0.50 when the wood was damp. Most authorities agree that the 
effects of friction should not be considered in design because of the 
change in the normal force on the joining surfaces due to changes in 
moisture content of the wood. 
Steel 
The first known studies of the rigidity of steel connections were 
made at the University of Illinois and reported by Wilson and Moore (32) 
in 1917. These studies pertained to the rigidity of riveted joints as 
they affected the distribution of stresses in rectangular frames sub­
jected to shear such as wind braces in steel skeleton buildings. The 
tests included two replications of six different steel connections. 
Measurements were made of the rotation of the beam relative to the 
column, the slip of rivets and the deformation of angles used in making 
the joint. Corrections were made in the observed rotation of the beam 
relative to the column for the change in slope due to elastic strain of 
the members. A perfectly rigid connection is defined as one where there 
is no relative rotation between the tangents of the elastic curves as 
drawn through their intersection. Slip occurs if the tangents rotate 
relative to each other. Wilson and Moore state that it is customary 
when dealing with rigid frames to assume that the joined members maintain 
constant cross section up to the point of intersection of their elastic 
curves. Therefore in the results, the slip in the connection also 
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includes error due to the latter assumption. 
Through the use of the slope deflection equations, Wilson and Moore 
develop equations for the moments and deflections in a perfectly rigid 
frame and also for a semi-rigid frame. They show that if the slip is 
the same in all connections, the stresses in the frame are the same as 
if the connections were perfectly rigid. The error, which results in 
the calculated moments when the joints are considered perfectly rigid, 
is dependent upon the stiffness of the members. Only two of the six 
tested connections were sufficiently rigid to be considered perfectly 
rigid. 
Baker (2, p. 179) develops formulas for semi-rigid design of steel 
frame structures based on the slope deflection equations, the work of 
Wilson and Moore (32) and other work at the University of Illinois. He 
starts with rigid frame design and assumes: 
(1) that the change in length of a member due to the direct 
stress in it is zero; (2) that the shear deformation is 
zero; (3) that all joints arc rigid; and (4) that all 
members are represented by their neutral axes. 
For the semi-rigid development he assumes the joints to be non-rigid and 
takes into consideration the width of columns, but represents the beams 
by their neutral axes. For a particular five story single bay frame, 
which he uses as an example, the rigid frame design differs from the 
semi-rigid design by about 30 per cent. 
Batho and Rowan (5, p. 62) report from their experiments on typical 
beam and stanchion connections that: 
(1) the relation between the applied moment and the change 
of angle between the beam and the stanchion is not linear; 
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(2) the change of angle is much greater the first time 
the load is applied than on subsequent loadings; (3) 
residual deformations remain in the beams of a frame when 
the loads are removed, and there are reversed moments at 
the ends of the beams ; (4) the rigidity of a connection 
on reloading up to the moment which has been previously 
applied decreases as that moment increases; (5) . . . 
Loading devices were constructed so that they could apply either moment 
only or different proportions of both moment and shear. The rotations 
were measured with mirrors and the linear measurements with extensome-
ters, some of which were the mirror type. 
Batho and Rowan (5) develop a relationship using the slope deflec­
tion equations that relates the actual restraining moment at the end 
of a beam to the restraining moment of a completely fixed beam, the 
rotation at the supports and the properties of the beam. They refer to 
this as a "constant beam line" which is later called a "constant load 
beam line" by Hechtman and Johnston (11). The latter develop a "constant 
maximum stress beam line". This relationship considers the condition 
under which the beam size, the span and the load are so related that 
the midspan bending moment will have a constant value equal to the 
product of the allowable bending stress and the section modulus. Both 
methods are limited to connections whose rigidity will produce end 
moments no greater than those at midspan, because greater rigidity would 
result in maximum moment being shifted from midspan to the supports. 
Midspan and support moments will be equal for a uniform loading with a 
rigidity of 75 per cent of that for full fixation. 
Batho and Lash (4) report that the factors causing variation in the 
flexibility of apparently similar connections which they studied were: 
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(1) location of the center of rotation, (2) initial tension in the rivets 
or bolts, (3) thickness of the cleats, (4) shape of the cleat, and (5) 
creep between the beam and the horizontal leg of the cleat. They state 
that the theory of elasticity does not apply to the connections because 
of plastic yield and, therefore, a suitable analytical method cannot be 
developed. 
Batho (3) presents a new method for analysis and design of semi­
rigid frames which does not depend on the assumption of a linear rela­
tionship between moment and angular rotation as have previous methods. 
He also shows a method of correcting for flexibility of attached members. 
Both of these methods depend on the use of experimental restraint 
curves and the "constant beam line" which was previously discussed. 
Rathbun (25) investigated the elastic properties of riveted connec­
tions about the same time as Batho, but was apparently unaware of 
Batho1 s experiments. He presents his experimental data and develops 
methods of using it in analysis by means of the slope deflection equa­
tions, moment distribution, the theorem of three moments and the 
deformeter. 
Johnston and Hechtman (16, p. 75) reported on 105 steel beam to 
column connections which had been tested at Lehigh University. They 
found that the weight of the beam could be reduced on a straight line 
basis up to about 23 per cent, as the rigidity of the connection increas­
ed from 0 to 70 per cent. They state: 
The connection passes through three stages: first, an 
initial stage where moment is approximately proportional 
to rotation; second, a yielding of the connection; and 
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third, a stage of accelerated rotation finally resulting 
either in failure or very excessive deformation. 
They indicate that the first stage is the useful design range. A connec­
tion constant is utilized to define the percentage of rigidity. They 
also presented a design procedure based on data collected from their 
tests. 
Johnson and Mount (17, p. 995) reported on the analysis of building 
frames with semi-rigid welded connections. They develop a method similar 
to that by Baker. The following assumptions were made: 
(a) members are of uniform cross section between their 
end connections; (b) the semi-rigid connection at the 
end of a member behaves elastically as defined by the con­
nection constant "r"; and (c) the interior of the joint 
between connections is assumed to be infinitely rigid, 
although free to rotate as a rigid body. 
The connection constant is defined as the angle change for unit moment. 
Methods of analysis were developed for both the slope deflection equations 
and the moment distribution procedure. Also included was the effect of 
side-sway induced by unsymmetrical vertical loads and the effect of 
width of the members. A method of design was given for which 50 per 
cent end restraint would result in beams 15 to 20 per cent lighter than 
under the normal methods of design. Greater refinement and complexity of 
design might increase the saving in beam weight to more than 20 per cent. 
Hechtman and Johnston (11) review previous work on steel connec­
tions and report in detail on riveted connections as studied at Lehigh 
University under the sponsorship of the American Institute of Steel Con­
struction. These tests were conducted between 1939 and 1941, but World 
War II held up publication until 1947. Forty-seven different assemblages 
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were studied. They develop the theory for the "constant maximum stress 
line" using the slope deflection equations and known values for maximum 
positive moment under different loading conditions. A redesign factor 
was proposed for design to eliminate the need for restraint curves. 
The factors influencing the redesign factor of gravity loaded semi-
rigidly framed tier buildings were given as (11, p. 52): 
(1) The relative length of adjacent spans. 
(2) The relative size of adjacent beams. 
(3) The relative size of adjacent columns. 
(4) The relative rigidity of the several end connections. 
(5) The symmetry or asymmetry ot loading on each beam. 
(6) The arrangement of loading of adjacent spans --
both at the level of the beam under consideration and 
also at adjacent levels. 
Schenker, Salmon and Johnston (27, p. IV-5) review extensively all 
types of steel frame connections. In speaking of experimental informa­
tion relative to non-rigid connections, they state: 
Fortunately, examination of the experimental moment-
rotation curves reveals that most lend themselves very 
well to "curve-fitting". The type of expression that 
appears to give the best results is 
M = X log ( Y 8 + 1 ) 
where X and Y are to be considered as the characteristic 
parameters is the rotation in the connection and M is 
the resisting moment associated with any given value of 63. 
Considerable specific information is given for various types of steel 
building frames under various loading conditions. 
The review of investigations of steel frames does not apply directly 
to timber connections but has served to emphasize the need and suggest 
methods of approach. 
15 
THEORETICAL DEVELOPMENTS 
Reliable theoretical equations relating joint rotation to many other 
variables will be difficult if not impossible to develop. Previous ef­
forts to theoretically define joint deflection of laterally loaded wood 
joints have been only partially successful. The calculated deflections 
have not agreed consistently with experimental measurements. Even the 
experimental results have varied greatly. However, a theoretical ap­
proach points out many of the pertinent variables and suggests experi­
mental methods of approach. 
Timber frequently is considered to act as an orthotropic material. 
However, it has been pointed out (31) that the compressive strength 
perpendicular to the grain is related to the loaded area, becoming in­
creasingly greater as the loaded area decreases. Wood* indicates, from 
test results for areas as small as that of a nail, the compressive 
strength perpendicular to the grain may be equal to the compressive 
strength parallel to the grain. The theoretical developments were made 
on the basis of both being equal. As a result, parallel grain and per­
pendicular grain splices could be treated identically. Also, the effect 
of the grain not parallel to the longitudinal axis of the member was 
ignored. Developments made on the basis of a difference in compressive 
strengths perpendicular and parallel to the grain did not appear satis­
factory. 
Frequently the resistance to rotation of a given joint will be 
Hïood, op. cit., p. 6. 
increased by friction between the pieces of wood. This cannot be relied 
on because of changes in moisture content of the wood under service 
conditions. Frictional resistance will be variable at least and may 
entirely disappear; therefore, it will not be considered directly in 
the theoretical developments which follow. 
Nail and Wood Performance 
The development of theoretical equations for maximum resisting 
moment requires some knowledge of nail behavior. A completely elastic 
design would be ideal, but this likely will not provide sufficient re­
sistance to be practical. Meyer (19) and Johansen (14) both illustrate 
nail behavior under two conditions of failure. Failure with a stiff nail 
or one of large diameter, which does not bend, is the result of plastic 
action of the wood. The more usual is the result of plastic action of 
both the wood and the nail. 
The action of the nail on the wood, and the load, shear and bending 
moment on the nail are shown for these two conditions in Figures 1 and 2, 
P is the maximum load on each nail; C, the proportional limit compres­
sive strength of the wood; f, the proportional limit bending strength of 
the nail; D, the diameter of the nail; M, the maximum moment imposed on 
the nail by the wood; Mp, the plastic resisting moment of the nail; Me, 
the maximum elastic resisting moment of the nail; and b, either the 
thickness of the wood or the depth of penetration of the nail if less 
than wood thickness. The distances z and x are evident from the figures. 
For the stiff nail or one of large diameter which does not bend, it 
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Fig. 2. Performance pattern of a nailed 
joint in which the nail does bend 
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follows: 
P = C D z 
M = C D x2 = C D Z2/2 
z = V 2 x = 1.414 x 
b = z -f 2 x; x = (b - z) /2 
z = 0.414 b; x = 0 . 293 b 
(1) Pw = 0.414 b C D 
For the nail which bends, assuming plastic action over the entire 
cross section, it follows: 
P = C D z 
M = (P z)/2 = Mp = ( f  D3)/6 
z = 0.577 D VfTc 
(2) P = 0.577 D^f~C 
If plastic action of the nail is considered to be impending, it fol­
lows : 
M = (P z)/2 = Me = (it f  D3)/32 
z = 0.442 D Vf/C 
(3) P = 0.442 D2 VTc 
Splices made of different woods or with pieces having different 
thicknesses will fail in the manner providing the least resistance. 
Crushing of the wood probably will cause failure with soft woods or thin 
pieces. Hard woods or thick pieces will cause the nails to bend unless 
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they are especially hard. The theory also can be extended to splices of 
more than two pieces. 
The proportional limit of the nail steel necessary to prevent bend­
ing under the conditions of Figure 1 can be derived from the derivations 
of Equations 1 and 3 as follows: 
M = C D x2 = C D (0.293 b)2 = 0.0857 G b2 D 
Mp = (jtf D3)/32 = 0.0982 f D3 
(4) f = 0.873 C (b/D)2 
Consideration of Equation 4 indicates that most of the commonly 
used nails will bend before the wood reaches the proportional limit 
compressive stress. The action of the nail on the wood, and the load, 
shear and bending moment on the nail for the elastic condition is shown 
in Figure 3. Pe is the load which the nail will withstand before bending 
takes place; c, the maximum compressive stress developed in the wood be­
fore bending; f, the proportional limit bending strength of the nail; 
D, the diameter of the nail; Mg, the maximum elastic resisting moment of 
the nail; M, the moment imposed on the nail by the wood; and b, either 
the thickness of the wood or the depth of penetration if less than wood 
thickness. From Figure 3, it follows: 
Pe = (3c/4)(b/3)D 
M = (c b2 D)/27 = Me = (* f D3)/32 
(5) c = 2.651 f(D/b)2 
(6) Pe = 0.663 f D3/b 
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Fig. 3. Performance pattern of a nailed joint with the wood 
in an elastic condition and the nail about to bend 
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The load which will cause the nails to bend can be estimated from Equa­
tion 6, and the compressive stress in the wood estimated from Equation 5. 
Resisting Moments 
Developments will be made in terms of the maximum moment which a 
joint will withstand because of the difficulty of defining joint deflec­
tion. These values can be compared with those from the experimental 
results at which rotation continues without increase in load, or the 
point of impending failure. The variables to be considered are: 
b - thickness of a piece of wood 
d - depth ot a piece of wood 
c - compressive stress in the wood resulting from nail pressure 
on it; considered to be the same both parallel and per­
pendicular z'to the grain 
C - proportional limit stress of the wood; considered to be the 
same both parallel and perpendicular to the grain 
G - specific gravity of the wood 
4> - moisture content of the wood 
L - length of the splice 
D - diameter of the nails 
N - number of nails forming the joint 
f - proportional limit stress of the nail steel in bending 
X - distance of each nail from the center of gravity of the nail 
y 
pattern 
- distance of each nail from the center of gravity of the nail 
z 
pattern 
- distance of each nail from the center of gravity of the nail 
x' 
pattern 
- distance of each nail from the center of rotation of the nail 
y' 
pattern 
- distance of each nail from the center of rotation of the nail 
z' 
pattern 
- distance of each nail from the center of rotation of the nail 
pattern 
X, Y, Z, X1, Y', Z' - maximum values of x, y, z, x1, y1 and z1 for 
any given nail pattern 
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Moment only loading 
It will be assumed that joints will be fabricated of timber pieces 
of the same specific gravity, of the same moisture content, and of the 
same dimensions. Both proportional limit stresses will be considered to 
be equal because of the small loaded area from the nail and of the mag­
nitude of that parallel to the grain. The Wood Handbook (31, p. 88) 
gives the parallel to the grain proportional limit stress for air dry 
wood (12 per cent moisture content) as: 
C = 8750 G 
The proportional limit varies (31, p. 85), increasing about 5 per cent 
with each 1 per cent decrease in moisture content and decreasing the 
same amount as moisture content increases. On this basis the proportion­
al limit can be defined as: 
(7) C = 8750 G C 1 + (0.05) (12 - «5)3 
The expression for resisting moment when limited by plastic action 
of the wood will be developed by considering the force from Equation 1 
to act on each nail in the pattern as follows: 
My = 0.414 c b D(zi + 22 + + zN) 
= 3622.5 b D G (z1 + z2 + + zN) C 1 + (0.05) (12 - *>)] 
(8) M* = 3622.5 b D G (Zz) C 1 + (0.05)(12 - «5)1 
Equation 8 shows the importance of placing the nails as far from the 
center of gravity of the nail pattern as possible. 
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An expression similar to Equation 8 can be developed for moment 
only loading with plastic action of the nails. The force on each nail 
for this condition is given by Equation 2. 
Mn = 0.577 D2 Vf C (z^  + Zg •••••• + Zjj) 
(9) Mn = 53.97 D2 (Zz) VTrT705KÎ2~T7)Tf~G 
The expression for the completely elastic condition can be develop­
ed from Equation 6. It will be assumed that the load on each nail is 
proportional to its distance from the center of rotation of the joint 
and is equal to: P = 0.663 f D3/b(z/Z) 
From this it follows: 
Me = 0.663 (f D3) /(b Z)(z1 + z2 + + zN) 
(10) Me = 0.663 (f D3 Z z)/(b Z) 
Shear and moment loading 
The center of rotation will be shifted from the center of gravity 
of the nail pattern for this loading. Maximum moment will be developed 
when the resultant of the shear force and the moment force on each nail 
reaches a magnitude equal to P as given in Equations 1 or 2. The center 
of rotation can be found by first assuming a partially elastic condition 
as shown at A in Figure 4 for the upper row of nails. With the center of 
rotation at A, only r$ will have reached maximum magnitude. If r ]_ is 
then assumed to reach maximum magnitude, it suggests a center of rota­
tion at B. Obviously there cannot be two centers of rotation, and for 
V 2. 
Fig. 4. Forces on a nailed joint under shear and moment loading 
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symmetrical nail patterns it must be on the center line. This suggests 
the erection of a line perpendicular to the center line and passing 
through C1, the point of intersection of lines perpendicular to r^  and 
Tj. The result is point C, which must be the center of rotation. 
The lower half of Figure 4 shows that the individual shear forces 
must be redistributed and that they no longer are equal if the resultant 
forces are to reach a maximum. As long as the shear forces remain in 
the elastic range their magnitude will be proportional to the distance 
of each respective nail from point C. 
An expression for maximum moment with plastic action of the wood 
follows from Equation 8 with the distance z being replaced with distance 
z": 
(11) ' = 3622.5 b D G (Z z1) [ 1 + (0.05)(12 - «5)3 
The maximum moment with plastic action of the nails follows from 
Equation 9 with distance z replaced by distance z!: 
(12) M%' = 53.97 D2 (Z z') V Z (1 + (0.05)(12 - çi)J f G 
The moment for the elastic condition follows from Equation 10 with 
the distance z replaced by distance z': 
(13) Me, = 0.663 (f D3 Z z')/(b Z') 
In the development of the foregoing equations no consideration has 
been given to restraints on the nails because of the heads or because of 
clinching. These effects plus that from friction are too intangible to 
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include, but can be added on an empirical basis after experimentation 
if merited. The theoretical equations suggest the placing of the nail 
points in the wood with the greatest compressive strength, if two dif­
ferent woods are being joined. 
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EXPERIMENTAL DEVELOPMENTS 
The investigations were planned so that models could be utilized 
for the experimental work. Models reduce the amount of materials re­
quired and frequently simplify the experimental equipment. In addition, 
they provide valuable information for the prediction of the performance 
of full scale joints, if it becomes impossible to develop general rela­
tionships. Dimensional analysis was employed because it reduces the 
number of variables which must be investigated and serves as a basis 
for establishing the principles of model design, operation and inter­
pretation. 
Derivation and Selection of Pi Terms 
The dimensionless groups or pi terms were developed as outlined by 
Murphy (22). He suggests grouping the pertinent variables into three 
classes: properties of the materials, geometry and forces. On this 
basis the apparent pertinent variables and their dimensions for nailed 
lap joints are: 
A. Properties of the materials 
1. G - specific gravity of the wood 
2. f - proportional limit of the nail steel FL~2 
3. p, - coefficient of friction of wood on wood 
4. n' - coefficient of friction of nail on wood 
5. «5 - moisture content of the wood 
6. v - rate of creep of the wood T~^  
B. Geometry 
7. N - number of nails used in the joint 
8. 6 - angular change between the two members 
comprising the joint 
9. L - length of the lap splice L 
10. X - any other pertinent distance such as: L 
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D - diameter of the nails 
p - depth of penetration of the nail into the 
piece holding the point 
x - distance of the nail from the y axis of 
the nail pattern 
y - distance of the nail from the x axis of 
the nail pattern 
A - deflection of any given point 
b - thickness of the wood 
d - depth of the wood 
C. Forces 
11. M - moment applied to the joint FL 
12. V - shear applied to the joint F 
13. t - time during which the joint is loaded T 
Previous joint studies of steel connections suggest the determina­
tion of rotation in the joint as a function of the other variables. 
This can be written as: 
(14) e = k (M, V, f, V, t, L, x , N, G, |i, u', <f>) 
From the Buckingham Pi theorem (22, p. 36), it follows that there will 
be ten pi terms because three basic dimensions are involved with the 
thirteen variables. One apparently satisfactory set of pi terms gives 
the equation: 
(15) e = K (M/fL3, M/VL, X/L, vt, N, G, g, U1, 
The pi term, X/L, must be expanded into several others if a general 
relationship is to be developed. If rotation is to be measured, it will 
not be necessary to consider deflection unless the performance of the 
prototype is to be predicted. The distances, x and y, pose some problem 
as each has N values for any given joint. A pi term describing the nail 
pattern appears to be desirable and can be derived as N S z/L, where z 
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is the distance from the center of gravity of the nail pattern to each 
nail. It is evident that the single pi term may not describe completely 
the nail pattern, but it appears adequate. Other pi terms involving 
pertinent distances are: D/L, p/L, d/L and b/L. If the thickness and 
depth of the pieces forming the joint are different, two additional pi 
terms involving those distances may be required. 
Equation 15 contained more pi terms than with which it was conven­
ient and expedient to work. For this reason those of lesser importance 
based on other studies and those which might be difficult to control or 
evaluate were eliminated from the equation for this study. Nail fric­
tion on wood was not considered to be of great importance. Wood 
friction between the two spliced pieces is known to vary with different 
moisture content conditions. It too was eliminated, but an attempt was 
made to maintain it at a nearly constant value by placing a piece of 
household wax paper between the two spliced pieces. Two pieces of wax 
paper would have been desirable, but would have placed too great a thick­
ness of soft material between the spliced pieces. Grease and powdered 
graphite also were considered but neither seemed desirable. The pi term 
involving the rate of creep and the. time of loading was dropped because 
of the difficulty of evaluating the rate of creep and holding it 
constant. Therefore, the results of the experiments will apply only for 
short time loading conditions. 
Moisture content was dropped because it affects specific gravity, 
and therefore the two are not independent. It was planned to control 
moisture content at approximately 12 per cent to 14 per cent, which is 
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the approximate equilibrium level in many areas. Preliminary studies 
revealed only slight differences between "moment only" and "shear and 
moment" loadings. This fact along with the desirability of utilizing 
the same piece of wood for both loadings and the same deflection measur­
ing equipment resulted in the dropping of the pi term involving shear. 
The ratio between shear and moment was the same as if the joint had been 
subjected to the maximum of both. Actually, each was 0.83 of the maxi­
mum applied to the spliced members. 
Selection of a Length Scale 
Relationships between small wire nails that were readily available 
greatly influenced the choice of a length scale. Also considered was 
the use of electric strain gages which necessitated sufficient thickness 
of the test pieces to permit their use. A length scale of 4.67 appeared 
optimum until it was learned that small wire nails under 20 gauge were 
made infrequently. Hence, it was decided to use a length scale of 4.00 
which was found to be more acceptable than one of 4.67. Distances could 
be converted easily from prototype to model with the 4.00 scale factor. 
Relationships between prototype and model nails are shown in Table 1. 
Actually, the length scale retains little importance if a general rela­
tionship is developed. If necessary, distortion factors can be intro­
duced. 
Absolute Values for Pi Terms 
Absolute values for pi terms were based on commonly used nail and 
Table 1. Relationship between nails which could be used for structural models with a length 
scale of 4.00 
Prototype Model 
Size Diameter Length Gauge Diameter 
Length 
scale Length 
Length 
scale 
6d 0.113 2.00 22 0.0286 3.95 0.500 4.00 
7d 0.113 2.25 22 0.0286 3.95 0.625 3.60 
8d 0.131 2.50 21 0.0317 4.13 0.625 4.00 
9d 0.131 2.75 21 0.0317 4.13 0.750 3.67 
lOd 0.148 3.00 20 0.0348 4.25 0.750 4.00 
12d 0.148 3.25 20 0.0348 4.25 0.875 3.71 
16d 0.162 3.50 19 0.0410 3.95 0.875 4.00 
20d 0.192 4.00 18 0.0475 4.04 1.000 4.00 
30d 0.207 4.50 17 0.0540 3.83 1.125 4.00 
40d 0.2253 5.00 17 0.0540 4.17 1.250 4.00 
50d 0.2437 5.50 16 0.0625 3.90 1.375 4.00 
60d 0.2625 6.00 16 0.0625 4.20 1.500 4.00 
lumber sizes. Farm buildings utilize a high percentage of 2 x 10's, so 
this was chosen as the main lumber size. Based on standard dressed di­
mensions of 1.625 by 9.50 inches for the prototype, the dimensions of 
the model were found to be 0.406 by 2.375 inches. Also frequently used 
are 2 x 6's, 2x8's and 2 x 12's, which also were included as variations. 
Thickness variations of the wood were based on nominal dimensions of 
2 1/2 and 3 inches for which the surfaced dimensions are 2.125 and 
2.625 inches respectively. 
Either lOd or 12d nails would be used for splices made with nominal 
two inch lumber unless the nails were to be clinched. Both of these 
nails have the same diameter with only the length varying, so they were 
chosen as the main nail diameter. Variations in penetration were 
governed by the available one-eighth inch increments of length in which 
small wire nails are produced. 
Nail patterns were based on what might be used in actual practice 
and according to spacings recommended by several authorities (8, 14, 
29). The result was an edge distance of one inch and an end distance of 
one and one-half inches for a twelve inch splice of the prototype. Be­
cause rotation was the major consideration, it was decided to place the 
nails as far from the center of gravity of the nail pattern as possible. 
Convenience and accuracy of placement dictated the use of a jig with the 
result that the nails were placed in two rows, one at the bottom and one 
at the top of the splice. They were spaced uniformly within rows. The 
various nail patterns are shown in Figure 5 and the dimensions for nail 
location are given in Tables 2 and 3. Additional data about the nail 
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Fig. 5. Nail patterns used in the investigations 
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Table 2. Values of distances shown in Figure 5 for different nail 
patterns used in the investigations 
Distances in inches 
Joint 
description a s L e 
2 x 6 -  1 2  n a i l s  
prototype 1.50 1.80 12.00 1.00 1.813 5.625 
model 0.375 0.450 3.00 0.250 0.453 1.406 
2 x 8 -  1 2  n a i l s  
prototype 1.50 1.80 12.00 2.00 1.750 7.50 
model 0.375 0.450 3.00 0.500 0.438 1.875 
2 x 10 - 6 nails 
prototype 1.50 4.50 12.00 1.00 3.75 9.50 
model 0.375 1.125 3.00 0.250 0.938 2.375 
2 x 10 - 10 nails 
prototype 1.50 2.25 12.00 1.00 3.75 9.50 
model 0.375 0.562 3.00 0.250 0.938 2.375 
2 x 10 - 14 nails 
prototype 1.50 1.50 12.00 1.00 3.75 9.50 
model 0.375 0.375 3.00 0.250 0.938 2.375 
2 x 12 - 10 nails 
prototype 1.50 2.25 12.00 2.00 3.75 11.50 
model 0.375 0.562 3.00 0.500 0.938 2.875 
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Table 3. Z distances in inches for various nail patterns with 
one inch edge distance, one and one-half inch end 
distance and uniform spacing within each of two rows 
Number Location Depth of lumber (inches) 
of nails of nail 5.625 7.50 9.50 11.50 
14 
Z1 
z 2  
z3 
z4 
4.85 
3.55 
2.35 
1.81 
5.28 
4.07 
3.13 
2.75 
5.86 
4.80 
4.04 
3.75 
6.54 
5.76 
4.98 
4.75 
12 
Z1 
z 2  
z3 
4.85 
3.25 
2.02 
5.27 
3.85 
2.89 
5.86 
4.62 
3.86 
6.54 
5.46 
4.84 
10 
Z1 
z2 
z3 
4.85 
2.89 
1.81 
5.28 
3.55 
2.73 
5.86 
4.37 
3.75 
6.54 
5.26 
4.75 
Z1 
z 2  
4.85 
2.35 
5.28 
3.13 
5.86 
4.04 
6.54 
4.98 
Z1 4.85 
1.81 
5.28 
2.75 
5.86 
3.75 
6.54 
4.75 
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patterns are presented in Table 4. 
Variations in specific gravity originally were planned to be 
covered by the most commonly used woods: Douglas fir, yellow pine and 
white pine. A check of the local lumber yards revealed none of these 
available. Red fir was used as an alternate for Douglas fir and white 
fir in place of white pine. It also was decided to include oak because 
it receives frequent use in those states having a native supply. 
Loads were to be applied in five pound increments from which a 
curve relating rotation to the pi term, M/fL , could be drawn. The 
values of the pi term to be considered were 4.0 x 10"^  and 6.0 x 10"^ . 
This procedure was desirable because the proportional limit, f, of the 
nails varies with diameter, which would have necessitated as many dif­
ferent sets of loading weights as there were different nail diameters. 
In addition, the effect of errors in reading would be minimized, because 
the curve would be a best fit of all readings. 
The complete plan for variations in pi terms is given in Table 5. 
Deviations from these plans are covered under the analysis of data. 
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Table 4. Values of 2z, NZz and NZz/L for various nail patterns with 
one inch edge distance, one and one-half inch end distance 
and uniform spacing within each of two rows 
Number of Depth of lumber (inches) 
nails 5.625 7.50 9.50 11.50 
14 
12 
10 
Zz 46.6 54.4 66.3 78.6 
NEz 652.7 761.9 928.2 1100.7 
NZz/L 54.4 63.5 77.4 91.7 
Zz 40.5 48.0 57.4 67.4 
NZZ 485.8 576.5 688.3 808.3 
NZz/L 40.5 48.0 57.4 67.4 
Zz 34.6 40.8 48.4 56.7 
NZz 345.8 408.2 484.2 567.0 
NZz/L 28.8 34.0 40.4 47.3 
Zz 28.8 33.6 39.6 46.1 
NZz 230.4 269.1 316.8 368.6 
NZz/L 19.2 22.4 26.4 30.7 
Zz 23.0 26.6 30.9 35.7 
NZz 138.1 159,7 185.6 214.0 
NZz/L 11.5 13.3 15.5 17.8 
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Table 5. Absolute values of the pi terms which were included in the 
investigations 
Pi term Explanation Absolute values 
M/fL" Loads were applied in five pound 
increments with absolute values 
taken from curves 
4.0 x 10-5 
6.0 x 10-5 
NZz/L 10 nails in two rows of five each 40.4 
14 nails in two rows of seven each 77.4 
6 nails in two rows of three each 15.5 
p/L 3/4 inch long nails 
5/8 inch long nails 
7/8 inch long nails which 
penetrated through the wood 
0.1147 
0.0730 
0.1353 
D/L 20 gauge wire (0.0348") 
19 gauge wire (0.0410") 
18 gauge wire (0.0475") 
0.0116 
0.0137 
0.0158 
d/L 2.375 inch depth of wood 
1.406 inch depth of wood 
1.875 inch depth of wood 
2.875 inch depth of wood 
0.792 
0.469 
0.625 
0.958 
b/L 0.406 inch thickness of wood 
0.531 inch thickness of wood 
0.656 inch thickness of wood 
0.135 
0.177 
0.219 
Red fir 
Red oak 
White fir 
approx. 0.45 
approx. 0.65 
approx. 0.35 
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EXPERIMENTAL PROCEDURE AND INSTRUMENTATION 
Selection and Sizing of Lumber 
The lumber used in the investigations was selected from the supply 
in the local lumber yard of Robinson and Carpenter at Ithaca, New York. 
It was chosen for freedom from knots and for flat grain. Flat grain was 
chosen instead of edge grain so the nails would pass through successive 
layers of springwood and summerwood. Otherwise the small wire nails 
used as models might be embedded entirely in one type of wood. In addi­
tion, there might be a tendency for them to follow the layers and not 
penetrate the piece of wood perpendicular to its surface. 
Sizing was accomplished with a Yates planing mill to which a dial 
gage had been attached to the movable table. It was possible to size to 
a tolerance of + 0.003 inches or less based on measurements made with 
micrometers immediately after the material came from the planing mill. 
There was a slight compressive effect from the mill but it was not appre­
ciable. Some difficulty was encountered at the ends of the pieces with 
some appreciable undersizing resulting for a short distance. It was not 
felt that this was detrimental to the experimental work. 
Preliminary samples were sized with a precision sander at the Behr-
Manning Company in Troy, New York using a machine manufactured by Curtin-
Hebert, Inc., of Gloversville, New York. This device would sand such hard 
materials as mica to tolerances of + 0.0001 inches, but it did not work 
well with the wood. Deviations were greater from piece to piece and from 
one part of an individual piece to another than they were when sized with 
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the planing mill. The precision sander did give a smoother surface, 
however. This was not considered to be too important as the friction 
was to be maintained nearly constant by placing a thickness of wax paper 
between the members. 
Models of different sizes were sawed from the full size pieces of 
lumber. This permitted most effective utilization and also provided a 
check of different sizes of models from the same original piece. The 
ends of all pieces were painted immediately after sawing to provide 
identification. The colors were assigned numerical equivalents as fol­
lows: 
0 - plain, no paint 5 - green 
1 - black 6 - red 
2 - blue 7 - silver 
3 - copper 8 - yellow 
4 - gold 9 - white 
This color code was punched on the IBM data cards permitting convenient 
sorting for comparisons of modulus of elasticity, moisture content and 
specific gravity. 
Immediately after milling, all specimens were weighed. They were 
randomized for experimentation by placing them in ten groups beginning 
with the lightest piece and progressing toward the heaviest. This method 
gave an average specific gravity of all groups that was nearly constant. 
More critical selection within the groups prior to the experimentation 
resulted in some groups of those actually loaded having considerably 
different mean specific gravities. An effort was made in the analysis to 
correct for this discrepancy. 
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Joint Forming 
Several jigs were devised to provide uniform joints. Figure 6 shows 
several pieces being held for marking on the narrow edge for load point 
identification and also for drilling holes for pins which supported the 
deflection measuring device. The nails were spaced and held for initial 
nailing using the device shown in Figure 7. Slippage during the fabrica­
tion of the joint was prevented by the device shown in Figure 8. The 
joints were nailed together as tightly as possible without excessive 
hammering. 
Loading 
Several methods of loading were considered with the device shown in 
Figure 9 selected. The models were made sufficiently long that they 
could be loaded under three conditions. The first loading was made on 
the uncut piece to determine the modulus of elasticity. The loads were 
applied at the quarter points of the span to minimize shear deformations 
in the center half of the piece. After the first loading was completed, 
the piece was cut and a splice made. This joint was loaded in the same 
manner as the uncut piece to provide a loading of moment with no shear 
as shown in Figure 10. Actually, the joint was subjected to a slight 
amount of shear momentarily as the loads were applied. It was not pos­
sible to apply the two loads simultaneously without the possibility of 
introducing dynamic effects. When the second loading was completed, 
another joint was made and subjected to a single load placed at the five-
Fig. 6. Jig used to mark specimens for loading and to hold pieces for 
drilling holes for pins 
Fig. 7. Device used to space nails uniformly and hold them for initial 
driving 
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Fig. 8. Joint construction table with holding jig and saw with miter 
box 
Fig. 9. Loading device with specimen loaded for determination of 
modulus of elasticity 

Fig. 10. Specimen loaded with a moment only load. Strain measurement 
equipment is attached 
Fig. 11. Specimen loaded with shear and moment load 
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twelfths point of the span to provide a loading of both shear and moment 
as shown in Figure 11. 
Deflection and Rotation Measurement 
No suitable method was found to measure rotations at the splice of 
the model beams. Therefore, deflections were recorded from which the 
rotations could be calculated and the deformation curves defined. The 
calculations were made using equations developed from the general equa­
tion of the elastic curve of a beam and from the slope deflection equa­
tions. Deflections were measured with dial gages supported on a frame. 
The frame was supported on pins placed in the beams at mid-depth and 
over the supports. The first frame (Figure 9) supported five dial gages 
located 6, 12 and 18 inches from the supports. An improved frame 
(Figure 11) supported seven dial gages located 3.0, 7.5, 13.5 and 18.0 
inches from the supports. 
A rotation measuring device shown in Figure 12 was constructed and 
used over the supports to check the calculated values. It gave good 
results but was time consuming and awkward to use. Because of this, its 
use was discontinued after a short time and the improved frame used. 
Recording was done by voice using the Gray audiograph shown in 
Figure 11. This method permitted rapid reading and allowed descriptive 
comments to be added easily. The seven dial gages could be read in about 
12 seconds. Some attempts were made to record the deflections at the 
higher load levels with film, but it was not very satisfactory. Lighting 
without shadows was difficult and under exposure with over development 
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did not work out well. Strain gage methods of recording deflections 
were considered, but were not developed and tried. 
Preliminary Studies 
Preliminary studies utilizing electric resistance strain gages were 
made. These did not provide sufficient information to merit their use. 
The measurements were made using A5-1 wire gages in conjunction with a 
Baldwin model M strain indicator and a Baldwin model PSBA-12 switching 
and balancing unit shown in Figure 9. 
The importance of a definite time schedule for loading and for read­
ing deflections was revealed by the preliminary studies. An increase in 
deflection with an increase in the time that the load had been applied 
was observed. This was especially true at the higher load levels. Be­
cause of this, time schedules were planned to allow ample time for 
reading the dial gages, for applying the next load and to permit the 
joints to reach equilibrium before reading, except at the higher load 
levels. The time schedules are shown in Tables 6 and 7. 
Moisture Content and Specific Gravity 
Each test specimen was sized and weighed immediately preceding the 
loadings. Depth and thickness measurements were made at three locations 
using micrometers. Weights were determined to the nearest gram. After 
the loadings were completed, a twelve inch piece was cut and placed in a 
laboratory oven. The sample was weighed to the nearest one-half gram 
prior to being placed in the oven and periodically thereafter until there 
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Table 6. Loading schedule for the determination of modulus of 
elasticity 
Load 
in pounds* 
Time in minutes and seconds 
Load on or off Reading of dial gages 
10 0:00 1:00 
20 1:30 3:00 
30 3:30 5:00 
40 5:30 7:00 
50 7:30 9:00 
0 9:30 11:00 
*The 2 x 6's were loaded in 5 pound increments and the 3 x 10's in 
7.5 pound increments following the time pattern shown. 
Table 7. Loading schedule for moment only and shear and moment 
loadings 
Load 
in pounds 
Time in minutes and seconds* 
Load on or off Reading of dial gages 
5 0:00 1:00 
10 1:30 3:00 
15 3:30 5:00 
20 5:30 7:00 
25 7:30 9:00 
30 9:30 11:30 
35 11:30 13:00 
0 13:30 15:00 
F^requently the specimens would not withstand the heavier loads so 
the time pattern was followed rather than the rigid schedule. 
Fig. 12. Rotation measuring device Fig. 13. Laboratory cabinet used to 
placed over the fixed support maintain moisture content at 
the desired level 
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was no further weight reduction. The sample was sized again upon the 
final removal from the oven. The oven was maintained at approximately 
215" F as recommended in the Wood Handbook (31, p. 320). Moisture 
content and specific gravity were calculated from the above measurements. 
A laboratory cabinet was used for storage of the specimens prior to 
loading. An attempt was made to maintain a dry bulb temperature of 75° F 
and a wet bulb temperature of 68° F. This would have given a relative 
humidity of about 75 per cent and an equilibrium moisture content of 
12.9 per cent (31, p. 312). This was not possible because of continued 
malfunction of the cabinet with a resulting variation in moisture 
content. The laboratory cabinet is shown in Figure 12. 
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"ANALYSIS OF DATA 
The analysis of data was facilitated by placing the data on IBM 
electric accounting machine cards and utilizing an IBM 650 electronic 
digital computer for making the desired calculations. The availability 
of this equipment made a detailed analysis possible. All curves were 
fitted by means of regression which involves many time consuming calcula­
tions. 
Rotations 
The rotation in the splices could not be measured satisfactorily 
because of the small size of the model beams. Therefore, they were 
calculated from deflection measurements made at the splices. The neces­
sary equations for making the calculations are: 
Moment only loading 
(16) ea = ec = 0.0555A + 5 . 2500 M/EI 
(17) ebl = ebr = 0.0555A - 8.2500 M/EI 
Shear and moment loading 
(18) 6a = 0.0555A + 4.1667 M/EI 
(19) 9C = 0.0555A+ 3.0000 M/EI 
(20) ebl = 0.0555A - 7.8333 M/EI 
(21) = 0.0555A - 6.0000 M/EI 
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ea is the rotation at the left support; 9C, at the right support; 8bl, at 
the joint end of the left half of the test specimen; and 8br, at the joint 
end of the right half of the test specimen, all measured with relation 
to the horizontal. M is the moment applied to the test specimen; EI, 
the product of the modulus of elasticity and the moment of inertia; and 
A, the deflection of the joint. These equations can be derived from 
either the general equation of the elastic curve of a beam or the "slope 
deflection equations". Both derivations give identical results when the 
slope of the elastic curve is considered to be equal to the rotation. 
This assumption can be made safely for small rotations which are being 
considered. The derivations from the "slope deflection equations" are 
given in Appendix A. The programs for making these calculations using 
the IBM 650 digital computer are given in Appendix B. 
Component Equations 
The initial step in the development of all component equations was 
to establish a relationship between rotation, 9, and M/flP for each group 
of five replicates. Curves were fitted to the data and values taken from 
the curves at the desired points to establish the relationships between 
rotation and the other pi terms. This procedure tended to minimize inac­
curacies in the measuring devices and the differences of individual 
pieces within a group. A hyperbolic regression of rotation and specific 
gravity was made at each load level for each group and the value at a 
specific gravity of 0.52 used for fitting the 0 versus M/fL^  curves. 
This was done to provide a common base for the comparisons. The wood 
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could not be selected sufficiently well to provide the same mean specific 
gravity for each group. 
3 Rotation as a function of M/fL 
These relationships are shown in Figure 14 for moment only loading 
and in Figure 15 for shear and moment loading. The broken curves repre­
sent the relationship before the nail bends. No equation was determined 
for this curve because it is not in the useful design range. It does ap­
pear to be logarithmic, however, on the basis of attempts to fit all data 
points to a single curve. 
The solid curves represent the relationship after the nail bends. 
Bending takes place progressively with its beginning and completion not 
clearly distinct. The theoretical equations indicate that bending could 
be expected to begin at a value of M/fL^  of about 3.0 x 10"^  for this 
group of joints. The experimental data appear to substantiate this. 
The theoretical equations also indicate the wood to be in the elastic 
range when bending of the nails begins. For this reason the lower por­
tion of the solid curve covers the transition of both the nails and the 
wood from elastic action to plastic action. 
The solid curves were fitted to an equation of the form, y = 
A xn + b, using a method described by Hartley^ . The most probable value 
of the intercept, b, is determined by regression from three estimated 
*H. 0. Hartley, Statistical Laboratory, Iowa State University of 
Science and Technology, Ames, Iowa. Private conference. June, 1959. 
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values after which exponent, n, and the coefficient, A, are determined. 
The data were fitted initially to a single logarithmic curve from which 
the beginning of nail bending could be approximated and the estimates of 
intercept made. Data points below this level were not used for determin­
ing the equations of the curves. 
Rotation as a function of NZz/L 
These relationships are shown in Figure 17 for moment only loading 
and in Figure ly for shear and moment loading. The data were fitted at 
two levels of ^  to the hyperbolic equation, y = A/x. This equation was 
used because the rotation would be expected to approach infinity as 
NZz/L approaches zero. Also the rotation would be expected to approach 
zero as NZz/L approaches infinity. The fit of the curves to the data is 
not particularly good, but it appears satisfactory for only three data 
O 
points. These data points were taken from the rotation versus M/fL re­
lationships shown in Figures 16 and 18. Additional data perhaps would 
show the hyperbolic equation, y = A/x11, to be a more desirable relation­
ship. The combination of the various pi terms into a general 
relationship is simplified appreciably if the exponent, n, has the same 
value at both levels of This was an added consideration in the se­
lection of the equation with the exponent equal to one. 
Rotation as a function of p/L 
These relationships are shown in Figure 21 for moment only loading 
and in Figure 23 for shear and moment loading. These data also were 
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fitted at two levels of ir2 to the equation, y = A/x. Rotation would be 
expected to approach infinity as penetration approaches zero and to ap­
proach zero as penetration approaches infinity with L held constant. 
The greater rotation of the joints with p/L equal to 0.135 than with p/L 
equal to 0.115 probably resulted from the difficulty of driving the longer 
nails as precisely as the shorter ones. Some of the difference is due 
to the fitting of the data for the rotation versus M/fL relationships. 
The curve for the joints with p/L equal to 0.135 was fitted with a single 
logarithmic curve because there was no apparent inflection point at the 
O 
low level and there was a rather obvious one in the vicinity of M/fL . 
equal to 8.0 x 10~^ . This inflection point probably was caused by 
restraint of the head and the part of the nail that extended completely 
through the piece of wood. 
Rotation as a function of D/L 
These relationships are shown in Figure 25 for moment only loading 
and in Figure 27 for shear and moment loading. These data also were 
fitted at two levels of «2 to the equation, y = A/x. The rotation versus 
M/fL^  curves for these data points are shown in Figures 24 and 26. The 
data for D/L equal to 0.0158 were fitted to a single logarithmic curve 
3 because the nail did not bend until an M/fL level of approximately 
11.0 x 10"""' was reached. The joints for D/L equal to 0.0137 required 
two curves because bending occurred at an M/fL"^  level of approximately 
6.0 x 10"5. 
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Rotation as a function of d/L 
These relationships are shown in Figure 29 for moment only loading 
and in Figure 31 for shear and moment loading. These data also were 
fitted at two levels of ^  to the equation, y = A/x. These relationships 
introduce the effect of the moment of inertia of the pieces comprising 
the joint. They also point out that N£z/L would not be an adequate 
description of the nail pattern if depth of the pieces was not consider­
ed. The data points were taken from the rotation versus M/fL^  relation­
ships shown in Figures 28 and 30. 
Rotation as a function of b/L 
These relationships are shown in Figure 33 for moment only loading 
and in Figure 35 for shear and moment loading. These data were fitted 
at two levels of to the linear equation, y = Ax + b. Thickness of 
the piece, b, would not be expected to influence rotation appreciably 
except as it limits penetration which also was evaluated. It does affect 
moment of inertia, but not to the extent that depth of the piece does. 
The linear equation was used because it clearly was not a hyperbolic 
function. Actually both of the thicker pieces rotated slightly more 
than the thinner piece. This probably was due to the difficulty of mak­
ing a tight joint with the thicker pieces and the fact that any tendency 
for the nail to penetrate at an angle would reduce the depth of penetra­
tion more than for a thin piece. It was decided not to include this 
component equation in a general equation because it was not completely 
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independent or that for penetration. 
Rotation as a function of G 
These relationships are shown in Figure 36 for moment only loading 
and in Figure 37 for shear and moment loading. These data were fitted 
at four levels of «2 to the equation, y = A/x. Actually these represent 
the hyperbolic regressions used to determine the data points for Figures 
14 and 15. The values of A were plotted against the values for M/fL^  to 
interpolate for the values of A at the 4.0 x 10"^  and the 6.0 x 10"^  
levels of M/fL^ . They were found to be 12.00 x 10"^  and 34.50 x 10"^  
respectively for the moment only loading, and 13.50 x 10™^  and 36.00 x 
10 ^  for shear and moment loading. Evaluations were made on both oak and 
white fir with which it was planned to develop the specific gravity 
versus rotation relationships. These did not provide adequate coverage 
of the specific gravity range so the above method was used. This method 
seems acceptable. 
General Equations 
Two general equations were developed from the component equations. 
Their use is not recommended, however, until further experimentation has 
been accomplished. If they are used, their limitations should be fully 
understood. 
The component equations were combined by multiplication as a first 
approximation even though they do not meet all of the requirements for 
doing so as given by Murphy (22). The equation which was developed for 
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moment only loading is: 
(22) 6 = E(2.43 x 1012)(M/fL3)3*78 + (3.57 x 10"5) 1 L4/KZzpDdG 
The equation which was developed for shear and moment loading is: 
(23) e = r (2.21 x 10n) (M/fL3)3,54 + (2.46 x 10"5) 3 L4/NZzpDdG 
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CONCLUSIONS 
The rotation of nailed timber joints as a function of (1) the 
geometry of the joint, (2) the properties of the timber and of the 
nails, and (3) the forces on the joint can be defined sufficiently 
well experimentally to be used for design. 
Additional experimentation is necessary to improve and expand the 
relationships which were developed before they receive widespread 
usage. 
Theory of nail action in the joints permits the prediction of the 
load level at which the nails will begin to bend. Maximum moment 
also can be predicted from the theoretical equations. Joint rotation 
cannot be defined adequately theoretically. 
These studies did not show any appreciable difference in joint rota­
tion between joints subjected to moment only loading and those 
subjected to both shear and moment loading. 
Careful planning for and development of the component equations is 
necessary if general equations involving several pi terms are to be 
developed. 
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SUMMARY 
The importance of timber joint rigidity definition was emphasized. 
Relationships between rotation in the joint and other factors will make 
timber structures more competitive with those of other materials. The 
information can be used readily by the rapidly expanding préfabrication 
industry and by architects and engineers who are preparing plans. The ob­
jective of the investigations was the development of relationships 
describing the rotation of nailed timber joints as a function of: (1) 
the geometry of the joint; (2) the properties of the timber and of the 
nails; and (3) the forces on the joint. 
A literature review was made of both timber and steel. Few designs 
of wood have been made using semi-rigid principles. Some have been made 
using rigid principles, but these likely are in error. Theories of 
laterally loaded nailed joints were reviewed. Rigidity relationships are 
well defined for many standard steel frame connections and are used in 
design. Moment-rotation relationships have been determined from exten­
sive research in the United States and Great Britain. 
Theoretical equations were developed in terms of maximum moment 
based on the theories of performance of laterally loaded nailed joints. 
No attempt was made to develop theoretical moment-rotation relationships, 
because studies of laterally loaded timber joints had not yielded con­
sistent joint deflection information. 
Pertinent variables were listed and dimensional analysis used to 
r 
develop pi terms to be used in experimental investigations. A length 
scale was selected from which predictions could be made from models used 
in the investigations if a general relationship could not be established. 
Absolute values were selected for the pi terms that would relate them to 
joints common in the construction of agricultural and other timber build­
ings . 
The investigations were made using simply supported beams that were 
spliced at midspan. Static loads were applied to give both moment only 
and shear and moment loadings on the joints. Deflections were measured 
at several points to define deflection curves. Rotations were calculated 
from measured deflections using equations derived from the "slope deflec­
tion equations". An electronic computer was used for data analysis. 
Component equations were derived which relate rotation in the joint 
to: (1) the moment applied to the joint, M; (2) the specific gravity of 
the timber, G; (3) the depth of the timber, d; (4) the thickness of the 
timber, b; (5) the length of the joint, L; (6) the number of nails used 
in the joint, N; (7) the distance of the nails from the center of gravity 
of the nail pattern, £z; (8) the diameter of the nails, D; (9) the pénétra 
tion of the nails, p; and (10) the proportional limit of the nail steel, f 
General equations were developed for both moment only loading and 
shear and moment loading. The general equation for moment only loading 
is: 
(22) e = [ (2.43 x 1012) (M/fL3)3*78 + (3.57 x 10-5) 3 L4/N£zpDdG 
The equation for shear and moment loading is: 
(23) 9 = E (2.21 x 10'11)(M/fL3)3,54 + (2.46 x 10~5) 3 L4/NZzpDdG 
89 
ACKNOWLEDGMENTS 
The author wishes to express his sincere appreciation to Professor 
Henry Giese and Dr. Glenn Murphy, co-chairmen of his graduate committee, 
for their invaluable guidance and counsel which was made more difficult 
because the research was conducted in absentia. The assistance and en­
couragement of Professors Hobart Beresford, Henry M. Black and S. J. 
Chamberlin, other members of the graduate committee, also was greatly 
appreciated. 
The Cornell University Agricultural Experiment Station is thanked 
for sponsorship of the project as are the Iowa Agricultural and Engineer­
ing Experiment Stations for their cooperation through the members of the 
graduate committee. Thanks also are due the American Wire and Steel 
Division of the U. S. Steel Corporation for supplying the nails and 
making the analyses of properties. 
Thanks also are due the author's colleagues at Cornell University 
for encouragement and suggestions as well as relief from duties at essen­
tial times. He also is grateful to Mrs. Lois DeChellis who typed many 
reports and the final draft of the thesis. Mrs. Kay Mikkelsen also is 
thanked for typing the final copy of the thesis. All others who as­
sisted in any way are recognized and thanked. 
Last but not least, a note of appreciation to my wife and family 
without whose tolerance of my continued absence, the work could not have 
been completed. 
90 
BIBLIOGRAPHY 
1. Andersen, Paul. Statically indeterminate structures. New York, 
Ronald Press. 1953. 
2. Baker, J. F. Methods of stress analysis. In Department of Scien­
tific and Industrial Research of Great Britain. First Report of 
the Steel Structures Research Committee, pp. 179-183. London. 
His Majesty's Stationery Office. 1931. 
3. Batho, C. The analysis and design of beams under given end restraint. 
In Department of Scientific and Industrial Research of Great 
Britain. Final Report of the Steel Structures Research Committee, 
pp. 364-393. London. His Majesty's Stationery Office. 1936. 
4. and 8. 0. Lash. Further investigations on beam and 
stanchion connections, including connections encased in concrete; 
together with laboratory investigations on a full-scale frame. 
In Department of Scientific and Industrial Research of Great 
Britain. Final Report of the Steel Structures Research Committee, 
pp. 276-363. London. His Majesty's Stationery Office. 1936. 
5. and H. C. Rowan. Investigations on beam and stanchion 
connections. In Department of Scientific and Industrial Research 
of Great Britain. Second Report of the Steel Structures Research 
Committee, pp. 61-137. London. His Majesty's Stationery Office. 
1934. 
6. Boyd, J. S. Secondary stress in trusses with rigid joints. 
Special applications to glued wooden trusses. Unpublished Ph.D. 
Thesis. Ames, Iowa. Iowa State College Library. 1954. 
7. Campredon, M. J. Résultats d'Essais sur Divers Types d'Assemblages 
de Charpentes en Bois. Paris. Institut Technique du Bâtiment et 
des Travaux Publics. Circulaire Serie H, No. 6. October 1942. 
(Original not available for examination; cited in Jansson, 
G. B. I. Effect of nail characteristics on the load carrying 
capacity of nailed joints, pp. 10-11. Unpublished M.S. Thesis. 
Ames, Iowa. Iowa State College Library. 1955. 
8. DIN CDeutsche Industrie Normen] 1052. Holzbauwerke, Berechnung und 
Ausfuhrung. Berlin. Deutscher Normenasschuss. October 1947. 
9. Droge, Georg. 25 Jahre Holznagelbau in Versuch und Praxis. Die 
Bautechnik. 32, No. 2: 37-44. February 1955. 
91 
10. Fronrobert, Felix, Wilhelm Stoy and Georg Droge. Grundzuge des 
Holzbaues im Hochbau. Berlin. Ernst and Sohn. 1948. (Original 
not available for examination; cited in Jansson, G. B. I. Effect 
of nail characteristics on the load carrying capacity of nailed 
joints, p. 9. Unpublished M.S. Thesis. Ames, Iowa. Iowa State 
College Library. 1955. 
11. Hechtman, R. A. and B. G. Johnston. Riveted semi-rigid beam-to-
column building connections. American Institute of Steel Construc­
tion Progress Report 1. 1947. 
12. Jansson, G. B. I. Effect of nail characteristics on the load 
carrying capacity of nailed joints. Unpublished M.S. Thesis. 
Ames, Iowa. Iowa State College Library. 1955. 
13. Jennings, C. G. and M. N. Salgo. Timber rigid frames and trussed 
columns. Engineering News Record. 131: 139-141. July 15, 1943. 
14. Johansen, Z. W. Theory of timber connections. Publications of the 
International Association for Bridge and Structural Engineering. 
9: 249-262. Zurich. General Secretariat. 1949. 
15. Johnson, R. P. A. Working stresses for structural lumber. Proceed­
ings of Wood Symposium, one hundred years of engineering progress 
with wood. pp. 10-11. The Centennial of Engineering Convocation. 
Washington, D. C. Timber Engineering Co. 1952. 
16. Johnston, B. G. and R. A. Hechtman. Design economy by connection 
restraint. Engineering News Record. 125: 484-487. October 10, 
1940. 
17. and E. H. Mount. Analysis of building frames with semi­
rigid connections. American Society of Civil Engineers 
Transactions. 107: 993-1019. 1942. 
18. Kuenzi, E. W. Theoretical design of a nailed or bolted joint under 
lateral load. U. S. Forest Products Laboratory. Report D1951. 
1953. 
19. Meyer, A. Uber die Tragfahigkeit von Nagelverbindungen bei 
statischer Belastung. Habilitâtionsschrift. Braunschweig. 1954. 
(Original not available for examination; reviewed in Droge, 
Georg. 25 Jahre Holznagelbau in Versuch und Praxis. Die 
Bautechnik 32, No. 2: 37-44. February 1955.) 
92 
20. Mlynek. Die Tragfahigkeit von Nage1verbindungen bei Verwendung von 
hochwertigem. Stahl and verschiedenen Holzarten. Dissertation. 
Braunschweig. 1953. (Original not available for examination; 
cited in Droge, Georg. 25 Jahre Holznagelbau in Versuch und 
Praxis. Die Bautechnik. 32, No. 2: 37-44. February 1955.) 
21. Mo lier, T. En ny metod for berakning av spikforband. Transactions 
of Chalmers University of Technology. Handlingar no. 117. 
Gothenburg, Sweden. 1950. (Original not available for examina­
tion; cited in Jansson, G. B. I. Effect of nail characteristics 
on the load carrying capacity of nailed joints, pp. 6, 11. 
Unpublished M.S. Thesis. Ames, Iowa. Iowa State College 
Library. 1955.) 
22. Murphy, Glenn. Similitude in engineering. New York. Ronald Press. 
1950. 
23. Polivka, J. J. Designing rigid frames of timber. Engineering News 
Record. 129: 790-793. December 3, 1942. 
24. Radcliffe, B. M. A method for determining the elastic constants of 
wood by means of electric resistance strain gages. Forest 
Products Journal Reprint. February 1955. 
25. Rathbun, J. C. Elastic properties of riveted connections. 
American Society of Civil Engineers Transactions. 101: 524-563. 
1936. 
26. Rosenstein, M. W. Letter relative to an article by Polivka. 
Engineering News Record. 130: 413. March 25, 1943. 
27. Schenker, Leo, C. G. Salmon and B. G. Johnston. Structural steel 
connections. Univ. of Mich. Engineering Research Institute. 
Armed Forces Special Weapons Project Report 352:IV-l-IV-28. June 
1954. 
28. Schubiger, Emil. Versuche und Erfahrungen an genagelten Holzkon-
struktionen. Bericht Nr. 40. Schweiz. Verband fur die Material-
prufungen der Technik (SVMT). Zurich. October 1942. 
29. Stoy, Wilhelm. Der Holzbau. Funfte Auflage. Berlin. Springer-
Verlag. 1950. 
30. . Zur Frage der Nagelverbindungen im Holzbau. Verein 
Deutscher Zeitschrift. 87: 755-760. November 27, 1943. 
31. U. S. Forest Products Laboratory. Handbook 72. 1955. 
93 
Wilson, W. M. and H. F. Moore. Tests to determine the rigidity of 
riveted joints of steel structures. University of Illinois 
Engineering Experiment Station Bulletin No. 104. 1917. 
Zahradnik, J. R. Design and testing of glued joist-stud joints for 
use in barn construction. Unpublished M.S. Thesis. Ames, Iowa. 
Iowa State College Library. 1951. 
94 
APPENDIX A 
Slope Deflection Equations 
The slope deflection equations were used to derive expressions for 
the rotation at the support and the rotation in the splice. These equa­
tions are based on the following: 
(a) They consider distortion due to bending moment and neglect 
that due to shear and axial stress, 
(b) They consider the piece to have a constant modulus of elas­
ticity and a constant moment of inertia. 
(c) They consider the member to be straight initially. 
Derivations are possible that consider varying moments of inertia and 
initial curvature. These assumptions permit writing equations to cover 
the distance from the supports to the joint. The equations cannot be 
written across the joint because the modulus of elasticity would not be 
constant. The increased moment of inertia at the splice will be ignored. 
The slope deflection equations are: 
(24) Mab = 2 EI/L (20a + % - 3 A/L) - Fab 
(25) Mba = 2 EI/L (20b + 6a - 3 A/L) + Fba 
where M ^  is the actual moment at end "a" of beam "ab"; 8a, the rotation 
of the beam at end "a" with respect to the horizontal and measured in a 
clockwise direction; 6b, the rotation at end "b" measured the same as 0a; 
A, the deflection with respect to the opposite end measured in a clock­
wise direction; and Fab, the fixed end moment for the loading imposed on 
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beam "ab". 
The slope deflection equations can be written for any spliced beam 
similar to those shown in Figures 38 and 39 as follows: 
(26) Mab = 4 EI/L (26a + 6ba - 6 A/L) - Fab 
(27) Mba = 4 EI/L (26ba + 9a - 6 A/L) + Fba 
(28) Mbc = 4 EI/L (26bc + 6C - 6 A/L) - Fbc 
(29) Mcb = 4 EI/L (26c + 6bc - 6 A/L) + Fcb 
Moment only loading of the .joint 
Figure 38 shows a beam with a splice at the center so loaded that 
moment but no shear is imposed on the joint. The fixed end moments for 
this loading condition for each half of the beam are: Fab = 
Pa (1 - 4a/L + 4a2/L2) and Fba = Pa (2a/L - 4a2/L2). Considering the 
full length of the spliced beam it is obvious that Mab = 0 and Mba = -Pa. 
When the proper substitutions have been made and Equations 26 and 27 
solved simultaneously, the expression for 0ba is: 
(30) eba = 2 A/L - Mba L (3 - 4a2/L2)/12 EI 
The experiments were planned to load a 36 inch spliced beam at the 
quarter points, so a = 9 inches and L = 36 inches. For these dimensions, 
6ba is equal to: 
(31) 6ba = 0.0555 A - 8.2500 Mba/EI 
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Fig. 38. Spliced beam with a moment only loading on the joint 
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Fig. 39. Spliced beam with a shear and moment loading on the joint 
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A similar solution for 0& gives: 
(32) ea = 2 A/L + Mba L (3 - 6a/L + 4a2)/12 EI 
For the above dimensions, ©a is equal to: 
(33) efl = 0.0555A + 5 . 2500 Mba/EI 
Because of symmetry, it can be seen that ©a = ~ ©c and 8ba = - 8bc. If 
the loads were not symmetrically placed, different expressions could be 
developed. 
Shear and moment loading of the .joint 
Figure 39 shows the location of load. The fixed end moments for 
the left half would be the same as those previously given for the moment 
only loading. The right half would have no fixed end moments because it 
is not subjected to any loads. Substitution of the appropriate values 
into Equations 26 and 27 and their solution gives values for 6a and 0^ . 
Mab is still equal to zero, but now Mba = - Pa/2. The expression for 
6ba is: 
(34) 6ba = 2 A/L - Mba L (1 - 2a2/L2)/3 EI 
For the test conditions of a = 15 inches and L = 36 inches, @ba becomes: 
(35) eba = 0.0555A - 7.8333 Mfaa/EI 
The expression for 6a is found to be: 
(36) @a = 2 A/L + Mba L (2.5 - 6a/L + 4a2/L2)/6 EI 
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For the test dimensions, @a becomes: 
(37) ea  = 0.0555A + 4.1667 Mba/EI 
Substitution of the appropriate values into Equations 28 and 29 and their 
solution give expressions for ©bc and 6C. Both of the fixed end moments 
are equal to zero, and Mbc = + Pa/2. The expression for 9bc is: 
(38) 6bc = 2 A/L - Mbc L/6 EI 
The expression for 6bc for the test dimensions is: 
(39) . ©bc = 0.0555A - 6.0000 Mbc/EI 
The expression for 6C is found to be: 
(40) 0c = 2 A/L + Mbc L/12 EI 
For the test dimensions, 6Ç becomes: 
(41) 6C = 0.05556 - 3.000 Mbc/EI 
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APPENDIX B 
Table 8. IBM 650 electronic computer program for 
loading 
1 1 AGRIC ENG INEER ING 
2 1 CORNE LL UNI VE RSITY 
3 1 PROJE CT NO 41 TIMB 
4 1 
5 1 CALC ROT AT I  ON WITH 
6 1 MOMEN T ONLY LOAD 
7 1 
8 BLR 0000 0399 
9 BLR 1951 1960 
10 BLR 1927 1934 
11 1 
12 EQU INT 0280 
13 EQU FLOAT 0229 
14 EQU FIX 0200 
15 1 
16 1 START PRO GRAM WITH 
17 1 
18 NEXT RCD 1951 CONT 
19 CONT LDD 1951 
20 STD :  1927 
21 LDD 1952 
22 STD 1928 
23 RAL CWD1 
24 LDD FLOAT 
25 RAL CWD2 
26 LDD FLOAT 
27 RAL CWD3 
28 LDD FLOAT 
29 RAL INT 
30 RAU 1953 
calculation of rotations for moment only 
DEPARTMENT 
ER STUDY 
SLOPE DEFL 
ING 
READ AREA 
PUNCH AREA 
CONSOLE AT 70 1951 0401 
READ CARD 0400 70 1951 0401 
PIECE 0401 69 1951 0404 
IDENT 0404 24 1927 0430 
0430 69 1952 0405 
0405 24 1928 0431 
0431 65 0434 0439 
0439 69 0442 0229 
0442 65 04 45 0449 
0449 69 0402 0229 
0402 65 0455 0409 
0409 69 0412 0229 
0412 65 0415 0280 
DEFLECT ION 0415 60 1953 0407 
Table 8. (Continued) 
31 MPY Al  
32 STL TEMPI 
33 RAU 1952 
34 DVR 1954 
35 STL MEI 
36 MPY A2 
37 ALO TEMPI 
38 STL 1929 
39 STL 1930 
40 RAU MEI 
41 MPY 82 
42 STL TEMP2 
43 RAU TEMPI 
44 SUP TEMP2 
45 STU 1931 
46 STU 1932 
47 MPY . 2F 
48 STL 1933 
49 OUT 0000 
50 PCH 1927 NEXT 
51 CWD1 09 1952 1952 
52 CWD2 05 1953 1953 
53 CWD3 10 1954 1954 
54 Al  48 5555 5555 
55 A2 50 5250 0000 
56 B 2  50 8250 0000 
57 2F 50 2000 0000 
58 1934 00 0000 0000 
59 1 IDENT FOR READ AREA 
60 1 1951 
0407 19 0410 0481 
0481 20 0435 0438 
MOMENT 0438 60 19 5 2 0457 
EI 0457 64 1954 0465 
M OVER EI 0465 20 0419 0422 
0422 19 0425 0495 
0495 15 0435 0489 
ROT A 0489 20 1929 0432 
ROT C 0432 20 1930 0433 
0433 60 0419 0423 
0423 19 0426 0447 
0447 20 0451 0454 
0454 60 0435 0539 
0539 11 0451 0505 
ROT BL 0505 21 1931 0484 
ROT BR 0484 21 1932 0485 
0485 19 0488 0459 
ROT B 0459 20 1933 0436 
0436 03 0000 0441 
0441 71 1927 0400 
MOMENT 0434 09 1952 1952 
DEFLECTION 0445 05 1953 1953 
EI 0455 10 1954 1954 
0410 48 5555 5555 
0425 50 5250 0000 
0426 50 8250 0000 
0488 50 2000 0000 
1934 00 0000 0000 
PIECE ID 
Table 8. (Continued) 
61 1 1952 
62 1 1953 
63 1 1954 
64 1 IDENT FOR PUNCH AREA 
65 1 1927 
66 1 1928 
67 1 1929 
68 1 1930 
69 1 1931 
70 1 1932 
71 1 1933 
MOMENT 
CL DEFL 
El  
PIECE ID 
MOMENT ID 
ROT A 
ROT C 
ROT EU. 
ROT BR 
ROT B 
Table 9 .  IBM 650 e lectronic 
moment loading 
computer program 
1 1  AGRIC ENG INEER ING 
2 1  CORNE LL UNIVE RSITY 
3 1 PROJE CT NO 41 TIMB 
4 1 
5 1  CALC ROT ATI ON WITH 
6  1 SHEAR AND MOMEN T 
7  1 
8 BLR 0000 0399 
9 BLR 1951 1960 
10 BLR 1927 1934 
11 1 
12 EQU INT 0280 
13 EQU FLOAT 0229 
14 EQU FIX 0200 
15 1 
16 1 START PRO GRAM WITH 
17 1 
18 NEXT RCD 1951 CONT 
19 CONT LDD 1951 
20 STD 1927 
21 LDD 1952 
22 STD 1928 
23 RAL CWD1 
24 LDD FLOAT 
25 RAL CWD2 
26 LDD FLOAT 
27 RAL CWD3 
28 LDD FLOAT 
29 RAL INT 
30 RAU 1953 
calculat ion of  rotat ions for shear and 
DEPARTMENT 
ER STUDY 
SLOPE DEFL 
LOADING 
READ AREA 
PUNCH AREA 
CONSOLE AT 70 1951 0401 
READ CARD 0400 70 .19 51 0401 
PIECE 0401 69 1951 0404 
I DENT 0404 24 1927 0430 
0430 69 1952 0405 
0405 24 1928 0431 
0431 65 04 34 0439 
0439 69 0442 0229 
0442 65 0445 0449 
0449 69 0402 0229 
0402 65 0455 0409 
0409 69 0412 0229 
0412 65 0415 0280 
DEFLECTION 0415 60 1953 0407 
Table 9. (Continued) 
31 MPY Al  
32 STL TEMPI 
33 RAU 1952 
34 DVR 1954 
35 STL MEI 
36 MPY A2 
37 ALO TEMPI 
38 STL 1929 
39 RAU MEI 
40 MPY C 2  
41 ALO TEMPI 
42 STL 1930 
43 RAU MEI 
44 MPY BL1 
45 STL TEMP2 
46 RAL TEMPI 
47 SLO TEMP2 
48 STU 1931 
49 RAU MEI 
50 MPY BRI 
51 STL TEMP2 
52 RAL TEMPI 
53 SLO TE MP 2  
54 STU 1932 
55 ALO 1931 
56 STL 1933 
57 OUT 0000 
58 PCH 1927 NEXT 
59 CWD1 09 1952 1952 
60 CWD2 05 1953 1953 
0407 19 0410 0481 
0481 20 0435 0438 
MOMENT 0438 60 1952 0457 
El  0457 64 1954 0465 
M OVER El  0465 20 0419 0422 
0422 19 0425 0495 
0495 15 0435 0489 
ROT A 0489 20 1929 0432 
0432 60 0419 0423 
0423 19 0426 0447 
0447 15 0435 0539 
ROT C 0539 20 1930 0433 
0433 60 0419 0473 
0473 19 0476 0497 
0497 20 04 51 0454 
0454 65 04 3 5  0589 
0589 16 04 51 050 5 
ROT BL 0505 21 1931 0484 
0484 60 0419 05 2 3  
0523 19 052 6 0547 
0547 20 04 51 0504 
0504 65 0435 0639 
0639 16 04 51 0555 
ROT BR 0555 21 1932 048 5 
ADD ROT BL 0485 15 19 31 0535 
ROT B 0535 20 1933 0436 
0436 03 0000 0441 
0441 71 1927 0400 
MOMENT 0434 09 1952 1952 
DEFLECTION 0445 05 1953 1953 
Table 9. (Continued) 
61 CWD3 10 1954 1954 
62 Al 48 5555 5555 
63 A2 50 4166 6667 
64 C2 50 3000 0000 
65 8L1 50 7833 3333 
66 BRI 50 6000 0000 
67 2F 50 2000 0000 
68 1934 00 0000 0000 
69 1 IDENT FOR READ AREA 
70 1 1951 
71 1 1952 
72 1 1953 
73 1 1954 
74 1 IDENT FOR PUNCH AREA 
75 1 1927 
76 1 1928 
77 1 1929 
78 1 1930 
79 1 1931 
80 1 1932 
81 1 1933 
0455 10 19 54 1954 
0410 48 5555 5555 
0425 50 4166 6667 
0426 50 3000 0000 
0476 50 7833 3333 
0526 50 6000 0000 
0450 50 2000 0000 
1934 00 0000 0000 
PIECE ID 
MOMENT 
CL DEFL 
El  
PIECE ID 
MOMENT ID 
ROT A 
ROT C 
ROT BL 
ROT BR 
ROT B 
